Electrochemical studies of hot corrosion were conducted mostly in deep molten salts, which are not identical to a fused salt film in service conditions. In order to establish electrochemical measurements under a fused salt film, a two-electrode probe was proposed for electrochemical impedance studies of hot corrosion of Fe-20Cr alloy induced by a fused 0.9Na 2 S0 4 -0.1K 2 S0 4 (mole fraction) film at 1173K in air. The corrosion of the alloy was characterized by an initial incubation stage with a relatively low corrosion rate and a later stage with rapid material degradation, accompanied with quite different impedance features. In the initial stage, the alloy formed a protective Cr-rich oxide scale, and the corresponding impedance spectra were composed of two capacitive loops. With extended exposure, the electrochemical impedance spectra showed the typical characteristics of a diffusion-controlled reaction, which was associated with the degradation of Cr-rich scale and the formation of a no-protective mixed scale of oxides and sulfides owing to fluxing of oxide scale as well as internal sulfidation of Cr. Two equivalent circuits were proposed to fit the impedance spectra in two stages. Based on the transport of molecular 0 2 in the melt, Warburg impedance was introduced to calculate the product (Cq 2 a/ d o 2 ) of solubility and diffusion coefficient for oxygen in the melt, and the main reduction reaction was also discussed.
INTRODUCTION
Hot corrosion is the accelerated oxidation of a material at elevated temperatures in an oxidizing gas atmosphere induced by a thin film of fused salt deposit. Salt deposit-induced corrosion was first recognized as a serous problem in the 1940s, relating to the degradation of fireside boiler tubes. Simons et al /l/ first reported hot corrosion of gas turbine engines in 1955, and proposed sulfidation mechanism of hot corrosion. However, as an important and popular topic hot corrosion did not receive wide attention until the late 1960s.
The dominant salt involved in hot corrosion is fused Na 2 S0 4 , which has high thermodynamic stability, and is an ionically conducting electrolyte. A considerable amount of research on hot corrosion has been conducted, mainly by thermogravimetry, aiming at the understanding of hot corrosion mechanism and the development of hot corrosion resistant materials and * to whom all correspondence should be addressed (clzene@imr.ac.cn. 62 Wencui Road, Shenyang 110016, China) Vol. 26, No. 3, 2007 Characterization of Hot Corrosion of Coated with a Fused (Na,K)}S0 4 Film by Electrochemical Impedance coatings. Because hot corrosion is an electrochemical process in nature as aqueous corrosion, some electrochemical measurement techniques, including free corrosion potential, linear polarization, potentiostatic polarization, potentiodynamic polarization etc., have been employed to study hot corrosion. These electrochemical studies have provided important information for the interpretation of hot corrosion mechanism and the evaluation of hot corrosion resistance. Nevertheless, these direct current (D.C.) measurement techniques could only provide limited information in understanding corrosion processes. Electrochemical impedance spectroscopy (EIS) is a technique which has been proved effective in understanding reaction mechanisms and kinetics, and by which more information for corrosion processes may be obtained. Thus, EIS was proposed for the study of hot corrosion in the 1980s. Successful application of EIS technique requires suitable models for fitting the impedance spectra besides the impedance measurements so as to understand hot corrosion processes. Initial studies were concentrated mainly on the measurements of EIS, not concerning the establishment of equivalent circuits for data processing, among which the impedance values at a certain frequency were used to evaluate the corrosion resistance /2.3/. Thereafter, some equivalent circuits were proposed to fit impedance data in some investigations /4-17/. Taking into account the hot corrosion features of different metals and alloys, one of the present authors /13/ proposed four equivalent circuits to represent their electrochemical impedance spectra.
It should be noted that electrochemical studies of hot corrosion were conducted mostly in deep molten salts, which are quite different from a thin film of fused salts in practical industrial environments. This deep-moltensalt system affects the transport of gaseous species such as 0 2 , S0 2 , and S0 3 from the gas phase to the metal surface. Although experimentation in deep melts can produce corrosion behavior similar to that induced by a thin salt film, it cannot simulate the real engineering problems.
Therefore, the establishment of electrochemical measurements under a thin film of fused salts is of great importance for the eventual understanding of hot corrosion kinetics. Moreover, this makes possible the in-situ monitoring of hot corrosion process of materials in service conditions. Because of the difficulties in the establishing of electrochemical measurements at elevated temperatures in the presence of a thin fused salt film, only a limited number of preliminary studies have been reported to investigate hot corrosion by a thin fused salt film using impedance techniques /14-17/. Farrell et al. /14/ have employed the electrochemical impedance technique to monitor the corrosion behavior of SA 213(Fe-2.25%Cr-l%Co) by a molten K 2 S 2 0 7 -2%NaCl film at 773K. The impedance diagrams indicated a diffusion-controlled reaction. Wu and Rapp /15/ investigated the hot corrosion behavior of preoxidized Ni by a molten Na 2 S0 4 film in contact with a 0.1Vol.% S0 2 -0 2 gas mixture at 1200K using impedance technique. They observed three distinct modes of hot corrosion (passive, pseudopassive, and active) according to the preoxidation conditions. Zeng and Zhang /16/ employed a two-electrode system to study the hot corrosion behavior of nickel-based alloy B-1900 in the presence of a solid Na 2 S0 4 and a liquid 25 mass% NaCl-75mass.%Na 2 S0 4 film at 1073K in air, respectively. Differing from the corrosion behavior of some alloys in deep molten salts, no Warburg impedance was observed, although the alloy underwent fast corrosion. This difference may be related to the scale formed on the alloy surface and the consumption of fused salt. By using EIS, Zeng and Li /17/ compared the initial corrosion of nickel-based M38G alloy with a thin fused (Na,K) 2 S0 4 film and in deep molten (Na,K) 2 S0 4 at 1173K in air, respectively. The authors observed that the impedance spectra in the case of a fused salt film showed the characteristics of double capacitive loops, while the spectra in deep molten salts indicated a diffusion-controlled reaction in initial stage, followed by double capacitive loops, and considered that this difference was related to the slower diffusion of oxidants in deep molten salts with respect to a thin fused salt film.
The reaction kinetics of hot corrosion is often characterized by an initial incubation stage with a relatively low reaction rate and a later stage with breakaway oxidation. It is of great significance to study hot corrosion kinetics by EIS for understanding the evolution of oxide scales, the transports of oxidants in the melt, and thus hot corrosion mechanism. In the present paper, hot corrosion of Fe-20Cr alloy covered with a fused (0.9Na,0.1K) 2 S0 4 (mole fraction) film was investigated at 1173K in air by EIS, aiming at the establishment of EIS techniques for the study of hot corrosion induced by a thin fused salt film, and the understanding of impedance features in different hot corrosion stages.
EXPERIMENTAL PROCEDURES
The material used in the present study is Fe-20Cr (mass%) alloy. Sheet-shape specimens were cut from the original ingots by an electric spark-cutting machine, followed by grinding down to 600 grit SiC paper. A FeCr wire was spot-welded to one end of the specimen for electric connection. A two-electrode (two working electrodes) system was used for electrochemical impedance measurements. Two specimens closely spaced were sealed in an alumina tube by high temperature cement, with one side uncovered, as shown in Figure 1 . The exposed sides of the electrodes were in the same plane. After the cement was dried at room temperature, it was further solidified at 373K for 24 h and 623K for 10 h, respectively. The electrode surface was polished again by 600 grit SiC paper, degreased, and dried before measurements. The corroded samples were examined by scanning electron microscopy (SEM) coupled with energy dispersive X-ray microanalysis (EDXA). Meanwhile, the impedance values at mid-low frequencies tended to decrease with exposure time, relating to the degradation of the oxide scales. With extended exposure, the Nyquist plots consisted of a depressed semicircle at high frequencies and a straight line at low frequencies indicating a diffusion-controlled reaction (Fig.3b) , and at the same time the impedance decreased significantly. In this stage, hot corrosion of the alloy was controlled by the diffusion of oxidants in the melt. The change of impedance spectra with exposure time revealed the degradation of oxide scales, and thus the change of hot corrosion kinetics of Fe20Cr. Figure 4 shows the cross-sectional morphologies of Fe-20Cr corroded at 1173K in air for 30 and 217 hours, respectively. Because of relatively high Cr content the alloy could form a Cr-rich oxide scale (Fig.4a) , beneath which internal sulfidation of Cr occurred along the substrate alloy. However, the formed Cr 2 0 3 -rich scale degraded gradually with extended reaction, and instead a thick and porous scale formed on the alloy surface ( Fig4.b-d) . The external layer is a mixture of sulfates (black) and Fe-rich oxide particles (bright) which are the products of dissolution and re-precipitation of oxide scales in the melt, followed by a porous scale of external Fe-rich and inner Cr-rich oxides. Moreover, Crrich sulfides formed along the scale/alloy interface and deep into the alloy substrate. It is clear that the scale could not protect the alloy effectively from fast corrosion.
RESULTS

Electrochemical impedance spectra
Corrosion products
Interpretation of electrochemical impedance spectra
During experimental duration, the corrosion of the alloy in the presence of a fused (Na,K) 2 S0 4 film went through two stages. In the initial stage, the alloy formed a Cr-rich oxide scale, and the corresponding impedance spectra were composed of double capacitive loops, while in the later stage a porous corrosion layer formed due to the fluxing of the oxide scales and the internal With extended exposure to the fused (Na,K) 2 S0 4 , the Cr-rich scale degraded gradually due to fluxing in the melt, and at last the scale lost its protection, giving rise to the fast corrosion of the alloy. In this stage, the corresponding impedance spectra showed the typical features of a Warburg resistance, which can be described by a parallel equivalent circuit of Vol. 26, No. 3, 2007 
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increase with time in initial reaction time of 120h, probably relating to the decrease in the value of relative dielectric constant of scale due to the change of scale components. The decrease of R OI with time reflects the degradation of the protective Cr-rich scale to a certain extent. Fe-20Cr alloy formed a Cr-rich oxide scale because of relatively high chromium content. Meanwhile, some amounts of internal sulfides rich in Cr also formed beneath the scale. The formed Fe 2 0 3 and Cr 2 0 3 could be dissolved in the melt as Fe0 2 ' and Cr0 4 2 ", and reprecipitate as porous oxide particles. The internal sulfidation could result in the depletion of Cr in the alloy substrate beneath the scale, and simultaneously cause a local increase in the basicity of the melt, and thus promote the fluxing reaction of oxide scale. In addition, the basicity of the salt film containing basic oxide Fe 2 0 3 and acidic oxide Cr 2 0 3 should have a value between those for the solubility minima for the two oxides present. As a result, the presence of Fe 2 0 3 would accelerate greatly the dissolution of Cr 2 0 3 . Likewise, the dissolution of Fe 2 0 3 in the presence of Cr 2 0 3 in the melt could be expected to be faster than that for Fe 2 0 3 alone. This phenomenon could be called "synergistic hot corrosion" /20/. Hwang and Rapp /20/ confirmed this synergistic hot corrosion by measuring the dissolution kinetics for Fe 2 0 3 , singly and in combination with Cr 2 0 3 in the melt.
The above reactions would cause the gradual consumption of (Na,K) 2 S0 4 melt, but the deposition of the melt every 24h on the alloy surface can supplement the melt and thus maintain the ongoing of hot corrosion. Cr-rich scale degraded gradually with extended reaction, and at last a mixed non-protective scale of oxides and sulfides formed on the alloy surface, giving rise to the fast corrosion of the alloy. In this stage, the diffusion of oxidants in the melt would be rate limiting. According to the theory of ac impedance for an electrode, the Warburg coefficient, A w , under conditions of semiinfinite diffusion is given by Eq.(5) /21/ where i denotes the diffusion species, n, the electron number per molecule of species /', F the Faraday constant, and C, and D, the solubility and the diffusion coefficient of species i. It can be seen from Eq.(5) that the parameter A w decreases with increase in C iy fD^. Table 1 shows that A w decreases with reaction time, indicating the increased corrosion rate. For hot corrosion in air, the cathodic reactions mainly include the reduction of oxygen and S0 4 2 ". The term is negligible compared with the other
== terms, because the S0 4 concentration is that qVÄ of the melt itself. Therefore, the diffusing species oxygen was taken into account here. Oxygen takes part in reduction reaction in the form of physically (molecular oxygen) or chemically (by reacting with the Na 2 0 component of the melt to form 0 2 2 " or 0 2 ") dissolved oxygen. The solubility of oxygen in the melt depends on the mode of dissolution. In the present study, taking into account the reaction of oxides formed on the alloy surface with Na 2 0, it is assumed that oxygen is reduced mainly in the form of molecular 0 2 :
Then, Eq.(5) can be simplified to 3+ were not conducted in the present paper for lack of relevant data.
CONCLUSION
The electrochemical impedance spectra changed 
